INTRODUCTION
Bi has been increasingly attracting industrial and academic interest as an advantageous addition to Pb-free solder alloys. Additions of Bi have been demonstrated to generate a handful of advantages, i.e. (i) a lower solder melting temperature [1] , (ii) improved solder wetting and spreading performance [2] [3] [4] , (iii) reduced propensity for whisker growth [5, 6] , (iv) reduced growth rate of the interfacial intermetallic (IMC) layers [3, 7, 8] and (v) improved mechanical properties of solder joints (i.e. increased solder joint shear strength [2, [9] [10] [11] and thermal fatigue resistance [3] ). Even though Bi additions in Sn-rich solders have been extensively studied over recent decades, the effects of Bi on microstructure formation, phase equilibria and mechanical properties of established Pb-free solder alloy systems such as Sn-Cu-Ni are not yet comprehensively understood. In the present study we explore the role of Bi additions in microstructure formation of Sn-Cu-Ni-xBi solders, focusing on the influence of Bi on (i) nucleation undercooling for Sn, (ii) the growth of interfacial IMC layers and primary IMC crystals in the bulk of BGA joints and (iii) the Sn grain structure (texture and number of orientations per joint).
II. EXPERIMENTAL
Sn-0.7Cu and Sn-0.7Cu-0.05Ni-xBi (where x = 0, 1.5, 2, 5, 8, and 14wt%) alloys were prepared from commercial purity materials by mixing Sn-10wt%Ni, Sn-10wt%Cu master alloys and 99.9Bi% with ~150g of 99.9%Sn in a graphite crucible at 450°C. After one hour holding, the alloy was cast into a Boron Nitride coated mold producing a flat ingot that then was cold rolled to 30±5μm foils. The foils were then used to prepare 500±20μm BGA solder balls that were reflowed on standard FR4 Cu-OSP test boards with ROL1 tacky flux (by IPC J-STD-004). An LFR400HTX TORNADO reflow oven was used for soldering with the following parameters: heating at ~2K/s to a peak temperature of ~251°C and cooling at ~3K/s to room temperature. Time above the eutectic temperature (227°C for Sn-0.7Cu-0.05Ni) was ~45s. At least 15 solder joints were soldered and analyzed for each composition.
A Mettler Toledo DSC1 was used for measurement of nucleation undercooling in the solder balls or solder joints. 5-6 samples were cycled in 100μl aluminium pans under 50 ml/min of N 2 in the range of 180-240°C, ten times each. Nucleation undercooling was defined as the difference between the liquidus temperature (measured by cyclic DSC, described in [12] ) and the first onset on cooling in the DSC curves.
Analytical scanning electron microscopy (SEM) was conducted on a Zeiss AURIGA field-emission gun-SEM (Carl Zeiss, Oberkochen, Germany) equipped with an Oxford Instruments INCA x-sight energy dispersive x-ray (EDX) detector (Oxford Instruments, Oxfordshire, UK) and a Bruker electron backscatter diffraction (EBSD) detector (Bruker AXS Inc., Fitchburg, WI).
Metallographic investigations were conducted on specimens prepared by mounting in Struers VersoCit acrylic resin and wet grounding to 2400 grit SiC paper followed by polishing with colloidal silica. Some solder joints were selectively etched with a solution of 5% NaOH and 3.5% orthonitrophenol in distilled H2O to reveal 3D morphology of the IMC crystals.
III. RESULTS AND DISCUSSION

A. Influence of Bi on nucleation undercooling for Sn
It is well known that some minor additions such as Zn [13, 14] , Al [13] , Mn [15] , Ti [15] , Pt, Pd [16] or Co [14, 17] can significantly reduce the Sn nucleation undercooling in Sn-rich solders. In contrast to these alloying elements, Bi additions in the range of 1.5-14wt%Bi were not found to influence the Sn nucleation undercooling in a distinct manner. Fig. 1 illustrates DSC measurements of the nucleation undercooling of Sn in freestanding solder balls and joints on Cu substrate. It can be seen that there is a large scatter in the measured values for all studied compositions. The mean undercooling for Sn-0.7Cu-0.05Ni balls was ~38K, similar to references [12, 18] increase of Sn nucleation undercooling to ~45-48K with simultaneous narrowing of the range of data scatter at Bi levels of 5wt% and 8wt%. However, a Bi addition of 14wt% resulted in an average Sn nucleation undercooling of 39K similar to that observed in Sn-0.7Cu-0.05Ni with no Bi. What is clear from this data is that, in all cases, the nucleation undercooling of Sn is relatively high and variable and the addition of 1.5-14wt%Bi to Sn-0.7Cu-0.05Ni does not have any clear influence on the undercooling. Fig. 1 also shows that the Sn nucleation undercooling is decreased by up to 20K when a Cu substrate was present, however, this still resulted in considerable undercooling of 20-30K in solder joints. Furthermore, as can be seen from Fig. 1 , the mean values for Sn nucleation undercooling in solder joints with Bi additions followed the same trend as observed for freestanding solder balls. This result is consistent with previous reports that have shown that the nucleation undercooling is often lower when soldering on Cu substrates than in freestanding balls [18] [19] [20] [21] [22] , and we discuss this in detail in reference [18] . Fig. 2A compares representative micrographs of the interfacial IMC layers in Sn-0.7Cu/Cu and Sn-0.7Cu-0.05Ni-xBi/Cu joints after soldering (note, Sn matrix has been shallow etched). It can be seen from that: (i) the addition of Ni considerably decreases the Cu 6 Sn 5 scallop size and results in a more dense IMC layer (consistent with [23, 24] ); (ii) additions of Bi to Sn-0.7Cu-0.05Ni caused gradual decrease of the IMC layer thickness from ~2.3μm for Bi-free solder to 1.7μm when 14wt%Bi was added to the alloy (Fig. 2) . It was further noted that higher peak reflow temperatures exaggerate this effect: i.e., the peak reflow temperature of ~238°C resulted in a limited difference between the alloys (Fig. 2B) , whereas, the peak reflow temperature of ~251°C caused noticeable decrease of the IMC layer thickness with increasing Bi content (Fig. 2B) . This observation is consistent with a previous investigation reported for Ag-containing soldering system: Sn-Ag-xBi/Cu [8] [8] , the solubility of Cu in liquid is expected to decrease with Bi additions and this in turn will slow the reaction rate between the molten solder and the Cu substrate affecting the thickness of the interfacial IMC layer [8] . Moreover, as Bi is not soluble in Cu 6 Sn 5 [12] , it is rejected to the reaction front during the IMC layer formation and the growth rate of the layer will be further reduced by the Bi concentration build up [8] . Fig. 2C illustrates typical SEM micrographs of primary (Cu,Ni) 6 Sn 5 crystals formed in the bulk solder of either Sn-0.7Cu/Cu or Sn-0.7Cu-0.05Ni-xBi/Cu joints. As can be seen, there is a significant difference between Sn-0.7Cu/Cu and Sn-0.7Cu-0.05Ni/Cu joints. The Sn-0.7Cu/Cu solder/substrate combination produces long Cu 6 Sn 5 rods during solidification that frequently span the whole width of the 500μm BGA ball (i.e. protruding rods in the partially-etched joints, Fig. 2C ). Similar results for Sn-0.7Cu/Cu solder joints were also reported in [25] . In contrast, a minor addition of Ni (just 0.05%wt%) strongly reduced the size of (Cu,Ni) 6 Sn 5 crystals from ~100-150μm to ~10μm and increased their number density (consistent with [23] ). Addition of Bi to Sn-0.7Cu-0.05Ni/Cu solder joints of up to 5wt%, on the other hand, did not influence the size and morphology of (Cu,Ni) 6 Sn 5 crystals in a distinct manner. However, Bi additions of 8wt% and14wt%Bi caused a substantial increase in the size of primary (Cu,Ni) 6 Sn 5 of up to ~100-200μm for Sn-0.7Cu-0.05Ni-14Bi/Cu (Fig. 2C) . At the same time, SEM-EDX measurements did not demonstrate any detectable solubility for Bi in the (Cu,Ni) 6 Sn 5 phase (similar to results in [12] ). Fig. 3 illustrates typical examples of Sn grain structures (EBSD IPF-X maps) formed in Sn-0.7Cu/Cu and Sn-0.7Cu-0.05Ni-xBi/Cu solder joints. 15 to 20 EBSD maps for each composition were used for the assessment of Sn grain structures in BGA balls. The definition of independent grains was chosen to be the following: (i) grains not related by 57.2° or 62.8° boundary (twins @[010]) and (ii) grains not related by any coincidence site lattice boundaries [26] . Low angle grain boundaries (<15°), grains smaller than 50 μm and deformation twins were omitted during the analysis. Thus, it can be seen from Fig. 3 that for the joints with Bi additions of up to 5wt% Bi, each cross-section contained 5-8 independent Sn grains with near-columnar growth of Sn from the Cu 6 Sn 5 layer. EBSD study did not provide any strong evidence for solidification twinning and, consequently, there were multiple nucleation events in the solder joints. Further, as can be inferred from Fig. 3 , the 0.05wt%Ni additions and Bi additions up to ~5wt%Bi did not cause any significant changes in the Sn grain textures compared with Sn-0.7Cu/Cu joints. However, Bi additions of 8wt%Bi and higher triggered a gradual change of the Sn columnar textures towards a single Sn grain that often had a range of low angle grain boundaries within the dominant orientation. One dominant colour in EBSD maps for joints containing >8wt%Bi (Fig. 3) suggests a single nucleation event. As can be seen from Fig. 3 , EBSD investigation revealed a distinct feature of Sn-0.7Cu-0.05Ni-xBi/Cu joints (x 5): a relatively fine-grained and non-textured region of Sn near the Cu substrate and a highly reproducible <110> texture further in the bulk that develops during grain selection by competitive growth. This type of Sn grain texture where the c-axis of the Sn crystal is oriented horizontally (parallel to the soldersubstrate interface) might be favourable in some applications (i.e. for retarding electromigration that occurs fastest along the c-direction in the Sn crystal). Sn grain structures in Fig. 3 are significantly different to those typically forming in Agcontaining joints (e.g. SAC or SnAg solders on Cu substrates), where there is usually only a single nucleation event resulting either in a single grain, or cyclically twinned 'beachball', or interlaced twinned structures [18, [27] [28] [29] [30] [31] . Note, there is no reproducible grain orientation relative to the substrate in this case.
B. Influence of Bi on the interfacial IMC layers and bulk IMC crystals in solder joints on Cu substrate
, where it was demonstrated that Bi additions of 1-4wt% would cause a decrease in Cu 6 Sn 5 growth constant in the liquid and solid state. As proposed in
C. Influence of Bi on Sn grain structures in Sn-0.7Cu-0.05Ni-xBi/Cu joints
D. Nonequilibrium Sn-(Cu,Ni) 6 Sn 5 -(Bi) eutectic Fig. 4 depicts typical examples of non-equilibrium grain boundary (Bi) formed due to the L Sn + (Cu,Ni) 6 Sn 5 + (Bi) eutectic reaction in Sn-0.7Cu-0.05Ni-xBi/Cu solder joints. The formation of the non-equilibrium (Bi)-containing eutectic depended on the Bi content in the BGA joints, where no (Bi) phase formed in Sn-0.7Cu-0.05Ni-1.5Bi and non-equilibrium (Bi) phase was observed after solidification with the Bi-content was ~2wt% and higher. Thus, <~2wt% Bi is required to prevent (Bi) phase formation during solidification. 4C proves the non-equilibrium nature of the grain boundary (Bi) phase by providing examples of DSC heating curves for a ~250mg sample of Sn-0.7Cu-0.05Ni-2Bi. The upper heating curve was obtained whilst heating the sample after cooling at 3K/s, whereas the lower heating curve corresponds to the same sample heated after a prior cooling rate of 0.016K/s (please note, this is ~200 times slower than the typical cooling rate during BGA joint formation in production). As can be seen from Fig. 4C , the peak corresponding to the ternary L Sn + (Cu,Ni) 6 Sn 5 + (Bi) eutectic reaction disappears when the cooling conditions were closer to equilibrium solidification. Similar results were further obtained for Sn-0.7Cu-0.05Ni-xBi compositions containing 2-14wt%Bi.
In addition to the non-equilibrium (Bi)-containing eutectic formed during solidification of Sn-0.7Cu-0.05Ni-xBi/Cu (x = 2 -14wt%) BGA joints, a rapid precipitation of (Bi) was found at room temperature from the supersaturated Sn matrix of the same joints. In contrast, Sn-0.7Cu-0.05Ni-xBi/Cu BGA joints with x<2wt% Bi did not contain any precipitated (Bi) phase during room temperature storage.
IV. CONCLUSIONS
The influence of Bi additions on the microstructure of 500±20 m Sn-0.7Cu-0.05Ni-xBi/Cu (x=0-14wt% Bi) solder joints has been investigated. The main conclusions can be drawn as follows:
1. Bi additions had no significant catalytic effect on Sn nucleation. Relatively high and variable undercoolings of ~35K ± 20K were measured in 500μm Sn-0.7Cu-0.05Ni-xBi BGA balls and joints.
2. Bi additions reduced the thickness of the Cu 6 Sn 5 IMC layer from ~2.3μm (for Bi-free solder) to 1.7μm when 14wt%Bi was added to the Sn-0.7Cu-0.05Ni alloy.
3. 0.05wt% Ni addition to Sn-0.7Cu/Cu reduced the size of primary Cu 6 Sn 5 crystals from >100μm to ~10μm. However, further Bi additions 8wt% increased the size of primary (Cu,Ni) 6 Sn 5 rods to ~100μm.
4. Sn-0.7Cu-0.05Ni-xBi/Cu (x 5) solder joints solidify to produce a strong <110> texture away from the Cu substrate due to competitive Sn growth.
5. Addition of 8wt% Bi and higher to the alloy caused a transition from a columnar grain structure to a virtually single grain structure.
6. A non-equilibrium grain boundary Sn + (Cu,Ni) 6 Sn 5 + (Bi) eutectic formed in all joints with Bi contents 2wt% Bi, when cooled at 3K/s. This ternary eutectic containing (Bi) phase can be avoided by using a Bi content of <2wt%.
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